Spermiogenesis and spermatozoon ultrastructure of the tapeworm Parabothriocephalus gracilis were described using transmission electron microscopy (TEM). Spermiogenesis is characterized by the formation of a zone of differentiation with two centrioles associated with striated rootlets, and an intercentriolar body between them. The two flagella undergo a rotation of 90°u ntil they become parallel to the median cytoplasmic extension with which they fuse. Electron-dense material is present in the apical region of the zone of differentiation in the early stages of spermiogenesis. This electron-dense material is characteristic for the orders Bothriocephalidea and Diphyllobothriidea. The mature spermatozoon contains two axonemes of the 9 + '1' trepaxonematan pattern, nucleus, parallel cortical microtubules and electron-dense granules of glycogen. The anterior extremity of the spermatozoon exhibits a single helical electron-dense crested body 130 nm thick. One of the most interesting features is the presence of a ring of cortical microtubules surrounding the axoneme. This character has been reported only for species of the order Bothriocephalidea and may be unique in this cestode group.
Introduction
Spermatozoon ultrastructure and spermiogenesis are significant characters for phylogenetic studies in Platyhelminthes (Świderski 1968 Euzet et al. 1981; Justine 1998 Justine , 2001 . Sperm characters were included in the definition of several major groups of helminths by Ehlers (1984 Ehlers ( , 1985 Ehlers ( , 1986 and Brooks (1989) . Synapomorphies based on spermatozoon ultrastructure for the Eucestoda is mainly based on the absence of a mitochodrion in mature sperm and the presence of a crested body (Justine 1998).
Recent taxonomic and molecular studies proved that the order Pseudophyllidea consists of two unrelated clades: Diphyllobothriidea and Bothriocephalidea (Brabec et al. 2006 , Kuchta et al. 2008 . To present, ten species of orders Bothriocephalidea and Diphyllobothriidea have been studied for spermiogenesis and/or sperm ultrastructure, nominally, Bothriocephalus clavibothrium (Świderski and Mokhtar-Maamouri 1980) , Bothriocephalus claviceps (Bâ et al. 2007) , Bothriocephalus scorpii (Levron et al. 2006a) , Paraechinophallus japonicus (Levron et al. 2006b) , Eubothrium crassum (Bruňan-ská et al. 2001 (Bruňan-ská et al. , 2002 , Triaenophorus nodulosus (Levron et al. 2005) , Diphyllobothrium latum (Bonsdorff and Telkkä 1965, Levron et al. 2006c) , Duthiersia fimbriata (Justine 1986) and Ligula intestinalis ).
The objective of the present study is to describe spermiogenesis and sperm ultrastructure of Parabothriocephalus gracilis (Echinophallidae) using transmission electron microscopy. For the first time, spermiogenesis has been studied within the family Echinophallidae. Obtained data were compared with information about other species of Bothriocephalidea and Diphyllobothriidea, and also other cestodes. Yamaguti, 1934 (Bothriocephalidea, Echinophallidae) 0.9% NaCl solution. Mature and gravid proglottids were separated and fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 1 day, washed overnight in 0.1 M cacodylate buffer at pH 7.4, postfixed with 1% OsO 4 in the same buffer for 1 h, washed again in 0.1 M cacodylate buffer, dehydrated in a graded series of acetone and embedded in Spurr resin within BEEM capsules. Ultrathin sections (60-90 nm in thickness) were cut on a Leica Ultracut UCT ultramicrotome, placed on copper grids, double stained with uranyl acetate and lead citrate. Sections were examined in a JEM 1010 (JEOL) transmission electron microscope operated at 80 kV.
Materials and methods

Adult tapeworms P. gracilis
The glycogen was detected using the periodic acidthiosemicarbazide-silver proteinate (PA-TSC-SP), according to the method of Thiéry (1967) . (Figs 1-6) Spermiogenesis starts by the formation of a zone of differentiation situated at the periphery of each spermatid. This zone 
Results
Spermiogenesis
Spermatozoon (Figs 7-15)
The mature spermatozoon of P. gracilis is a long fibrillar cell, without mitochondria, which narrows at both ends. From the anterior to the posterior extremities of the spermatozoon, five regions with different ultrastructure characters can be distinguished.
Region I (Figs 7, 8, 15 I) corresponds to the anterior part of sperm. First, it is characterized by the presence of a centriole and a single helical electron-dense crested body 130 nm (Fig. 7) . The centriole gives rise to an axoneme of the 9 + '1' trepaxonematan pattern. Then, the crested body disappears and cortical microtubules (25 in number) form a ring surrounding the axoneme (Fig. 8) . The microtubules are electrondense with a small electron-lucent centre. At the end of this region, the spermatozoon is approximately 260 nm wide.
Region II (Figs 9-11, 15 II) is characterized by the presence of two axonemes, cortical microtubules and electron-dense granules of glycogen. First, both axonemes are very close to each other (Fig. 9) . The diameter of the spermatozoon is approximately 420 nm. Both axonemes are separated from each other by only few cortical microtubules (Fig. 9) . Subsequently, width of the spermatozoon increases and reaches 700 nm. At this stage, 4 to 7 cortical microtubules are organized in two fields. Cortical microtubules are characterized by a bigger electron-lucent centre than those of the region I. Granules of glycogen, revealed by the method of Thiéry, are present in the cytoplasm of the cell (Fig. 11) .
Region III (Figs 12, 15 III) contains two axonemes, cortical microtubules, glycogen and nucleus. Maximal diameter of the sperm is approximately 800 nm. The nucleus is electrondense with fibrillar patches of chromatin (Fig. 12) . Each field of cortical microtubules is composed of 6 to 9 subunits. At the end of the region III, one axoneme disappears.
Region IV (Figs 13, 15 IV) consists of one axoneme, nucleus, glycogen and cortical microtubules. The diameter of the gamete is approximately 600-700 nm. Two fields of cortical microtubules are still present and disappear in the posterior part of this region.
Region V (Figs 14, 15 V) corresponds to the posterior extremity of the spermatozoon. It is characterized by a disorganization of the axoneme. Central core of the axoneme disappears and doublets of microtubules loose their arms. At this stage, the nucleus occupies all the cytoplasm of the cell. The posterior extremity of the sperm is characterized by the presence of a nucleus and few axonemal singlets. The diameter of the spermatozoon is approximately 150 nm.
Discussion
The process of spermiogenesis in Parabothriocephalus gracilis is characterized by a flagellar rotation and proximo-distal fusion. Spermiogenesis of the type I of Bâ and Marchand (1995) is characteristic for P. gracilis and also for other cestodes of Bothriocephalidea, Diphyllobothriidea, Trypanorhyncha, Tetraphyllidea and Proteocephalidea (Justine 1998). This type of spermiogenesis is considered to be plesiomorphic character in Eucestoda (Justine 1998).
The intercentriolar body in P. gracilis consists of three electron-dense plates and two electron-lucent layers. This character was also reported in other members of Bothriocephalidea: Bothriocephalus scorpii, Eubothrium crassum and Triaenophorus nodulosus (Table I ; Bruňanská et al. 2001; Levron et al. 2005 Levron et al. , 2006a . In Diphyllobothriidae, four electron-lucent layers have been observed (Table I; Bonsdorff and Telkkä 1965 , Levron et al. 2006c . Progressive reduction of the layers of the intercentriolar body occurs in the higher cestodes (Jus- Ax -axoneme, CB -crested body, CM -cortical microtubules, DM -electron-dense material, IB -intercentriolar body (number of electron-lucent layers), N -nucleus, NAx -number of axonemes in the mature spermatozoon, PSE -posterior spermatozoon extremity, R -ring of cortical microtubules, +/-presence/absence. tine 2001). Therefore, the reduction of the layers of the intercentriolar body in Bothriocephalidea with respect to those of Diphyllobothriidea could suggest a position higher for this order. Spermatids of P. gracilis contain an apical electron-dense material in the first stages of spermiogenesis. For the first time, this material was observed in E. crassum (Bothriocephalidea) (Bruňanská et al. 2001) . Later, electron-dense material has been reported in the bothriocephalideans B. scorpii and T. nodulosus (Levron et al. 2005 (Levron et al. , 2006a , in the diphyllobothriideans Diphyllobothrium latum and Ligula intestinalis (Levron et al. 2006c see Table I ), and also in the caryophyllideans Khawia armeniaca and Wenyonia virilis Poddubnaya 2006, Miquel et al. 2008) . The presence of electron-dense material in the early stages of spermiogenesis appears to be characteristic for presumably most basal cestode orders (Caryophyllidea, Diphyllobothriidea and Bothriocephalidea).
Spermatozoon of P. gracilis contains two axonemes of the 9 + '1' trepaxonematan pattern (Ehlers 1984) . Two axonemes were reported in Bothriocephalidea, Diphyllobothriidea, Spathebothriidea, Haplobothriidea, Trypanorhyncha, Tetraphyllidea and Proteocephalidea (Table I ) (Justine 1998). Two axonemes are considered to be the plesiomorphic condition (Justine 1998). Only one axoneme is present in secondary cestodes, comprising the order Cyclophyllidea (Justine 1998 , Miquel et al. 2007a .
A crested body, important phylogenetic character, has been reported in P. gracilis. The crested body is present in all species of Bothriocephalidea, except Bothriocephalus clavibothrium (Table I; Świderski and Mokhtar-Maamouri 1980) . This character is absent in two diphyllobothriideans but is present in Duthiersia fimbriata of the same order (Table I ; Justine 1986). Bâ and Marchand (1995) proposed this feature to be common for the Eucestoda. However, the crested body is missing in the most, evolutionary older, cestodes, Caryophyllidea, Spathebothriidea, Haplobothriidea and Trypanorhyncha (MacKinnon and Burt 1985; Świderski and Mackiewicz 2002; Miquel and Świderski 2006; Miquel et al. 2007a Miquel et al. , 2008 Gamil 2008) .
One of the most interesting features in the spermatozoon of P. gracilis is the presence of a ring of electron-dense cortical microtubules, structure also reported in other Bothriocephalidea (Table I ). This character was not observed in the diphyllobothriideans Diphyllobothrium latum and L. intestinalis (Bonsdorff and Telkkä 1965; Levron et al. 2006c ). Partial ring of cortical microtubules was found in Bothriocephalus claviceps and D. fimbriata (Justine 1986 , Bâ et al. 2007 . The complete ring of cortical microtubules seems to be an autapomorphy for Bothriocephalidea. It is interesting to note that a partial ring of cortical microtubules has been also observed in the anterior part of the spermatozoon of numerous eucestodes, e.g., Spathebothriidea, Trypanorhyncha, Tetraphyllidea, Proteocephalidea, Mesocestoididae (see Miquel et al. 2007b) .
The posterior part of the spermatozoon in P. gracilis and Paraechinophallus japonicus is characterized by the presence of the nucleus and microtubules (remains of the disorganisation of the axoneme) (Levron et al. 2006b ). In B. scorpii (Bothriocephalidea) and D. latum (Diphyllobothriidea), only the nucleus was observed in the posterior extremity of the spermatozoon (Bonsdorff and Telkkä 1965; Levron et al. 2006a, c) . In other bothriocephalideans (B. clavibothrium, E. crassum and T. nodulosus), the distal end of the gamete lacks the nucleus and only a single axoneme is present (Świderski and MokhtarMaamouri 1980 , Bruňanská et al. 2002 , Levron et al. 2005 . Nucleus is absent also in L. intestinalis ). The ultrastructure of the posterior extremity of spermatozoon does not appear to be suitable character for the differentiation of the orders Bothriocephalidea and Diphyllobothriidea, because its presence is variable in both orders and between families in a same order (see Table I ).
On the basis of the present and previous studies of sperm characters in Bothriocephalidea and Diphyllobothriidea, it appears that the order Bothriocephalidea, with a reduced intercentriolar body, the presence of a crested body and a ring of electron-dense cortical microtubules, seems to be more evolved than the Diphyllobothriidea. These assumptions are in agreement with molecular studies (Brabec et al. 2006 , Waeschenbach et al. 2007 , Olson et al. 2008 .
